Pseudomonas aeruginosa is naturally resistant to many antibiotics, and infections caused by this organism are a serious threat, especially to hospitalized patients. The intrinsic low permeability of P. aeruginosa to antibiotics results from the coordinated action of several mechanisms, such as the presence of restrictive porins and the expression of multidrug efflux pump systems. Our goal was to develop antimicrobial peptides with an improved bacterial membrane-permeabilizing ability, so that they enhance the antibacterial activity of antibiotics. We carried out a structure activity relationship analysis to investigate the parameters that govern the permeabilizing activity of short (8-to 12-amino-acid) lactoferricin-derived peptides. We used a new class of constitutional and sequence-dependent descriptors called PEDES (peptide descriptors from sequence) that allowed us to predict (Spearman's ‫؍‬ 0.74; P < 0.001) the permeabilizing activity of a new peptide generation. To study if peptide-mediated permeabilization could neutralize antibiotic resistance mechanisms, the most potent peptides were combined with antibiotics, and the antimicrobial activities of the combinations were determined on P. aeruginosa strains whose mechanisms of resistance to those antibiotics had been previously characterized. A subinhibitory concentration of compound P2-15 or P2-27 sensitized P. aeruginosa to most classes of antibiotics tested and counteracted several mechanisms of antibiotic resistance, including loss of the OprD porin and overexpression of several multidrug efflux pump systems. Using a mouse model of lethal infection, we demonstrated that whereas P2-15 and erythromycin were unable to protect mice when administered separately, concomitant administration of the compounds afforded long-lasting protection to one-third of the animals.
The increasing emergence of antibiotic-resistant bacteria is a major public health problem. Whereas therapeutic options for the treatment of infections due to Gram-positive bacteria (e.g., methicillin-resistant Staphylococcus aureus [MRSA] ) are in expansion, there is an urgent need for the development of new drugs effective against Gram-negative pathogens. The latter organisms, in particular, Pseudomonas aeruginosa, Acinetobacter baumannii, Stenotrophomonas maltophilia, and several members of the Enterobacteriaceae, are rapidly evolving resistance to most of the currently available antibiotic treatments (37) .
The resistance of Gram-negative bacteria to antibiotics is highly dependent on the integrity of the outer membrane (OM), since this structure acts as a permeability barrier and efficiently prevents many antimicrobial compounds from reaching their targets inside the cell (9) . In addition, key mechanisms of resistance, such as antibiotic removal via efflux pump systems, rely on the ability of the OM to maintain concentrations of drugs in the periplasm at levels nontoxic for the cell (42) . In turn, the OM owes many of its properties, including its low intrinsic permeability, to an external layer composed primarily of a negatively charged molecule called lipopolysaccharide (LPS). Stability of the OM depends to a large extent on the cross-bridging of neighboring LPS molecules by divalent cations (41) .
Due to the essential role of LPS in OM stability and the structural conservation of this molecule in different species of Gram-negative bacteria, virtually all cellular organisms produce antibacterial agents targeting LPS. The most prominent example of these agents belongs to a family called host defense peptides or antimicrobial peptides (AMPs) (27) . The cationic nature and amphiphilic structure characteristic of the vast majority of AMPs enable them to bind specifically to LPS, destabilize the OM, and kill the target cell by mechanisms that are still a matter of debate (6, 38) . However, it is clear (at least for some AMPs) that when added at concentrations lower than their MICs, they alter the bacterial cell permeability barrier, thus making bacteria sensitive to agents that would be excluded by an intact outer membrane (54, 60) .
Our model organism is Pseudomonas aeruginosa, one of the leading causative agents of infections in hospital settings. The intrinsic low permeability of the P. aeruginosa OM (at least 10 times lower than that of E. coli [see reference 19] ), combined with the activity of efflux pumps of the Mex family and betalactamase expression (AmpC), confers to this pathogen its characteristic broad spectrum of antibiotic resistance (39) . Moreover, P. aeruginosa often mutates and gives rise to strains with enhanced antibiotic resistance due to overexpression of efflux pumps, acquisition of plasmid-borne metallo-beta-lactamases (MBLs), and repression of the OprD porin (the uptake pathway for hydrophilic carbapenems, such as imipenem) (5) . Consequently, some isolates of P. aeruginosa remain sensitive only to polymyxins, although the systemic use of these AMPs is not widely accepted by clinicians due to their alleged nephroand neurotoxicity (35) .
We have previously demonstrated that subinhibitory concentrations of synthetic peptides derived from lactoferrin, a human protein with antibacterial and LPS binding activities, sensitize P. aeruginosa to both hydrophobic and hydrophilic antibiotics in vitro (53) . Although other researchers have reported similar findings using either polymyxin B (PMB) nonapeptide (PMBN; an enzymatic derivative of PMB) (43, 59) or other polycations (3, 33, 36, 46, 52, 56, 61) , no one has studied whether OM-permeabilizing peptides share common structural features not necessarily related to their antibacterial activity. In this respect, it is important to point out that good permeabilizers do not necessarily correspond to compounds with potent bactericidal activity (53) . To the contrary, it has been reported that those activities are inversely correlated in some instances (56, 64) , suggesting that at least for some classes of AMPs, OM permeabilization and bactericidal activity may have different structural bases.
In this work, we designed a novel type of antimicrobial peptide descriptors for lactoferrin-derived peptides and performed a quantitative structure activity relationship (QSAR) analysis to predict the permeabilizing activity of a new peptide generation. We demonstrated that the most potent peptide from this new library enhances antibiotic activity in vivo and, as a consequence, confers protection to an animal model of lethal P. aeruginosa infection. This work sets the foundation for the rational design of improved lactoferrin-derived permeabilizers that could act synergistically with antibiotics and neutralize resistance mechanisms. 
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Combined therapy in vivo. Female ICR (CD-1) mice weighing 20 to 23 g were purchased from Harlan Spain (Harlan Interfauna Iberica S.A., Barcelona, Spain) and randomly distributed in experimental groups (n ϭ 16). Animals were immunosuppressed by the subcutaneous administration of two doses of cyclophosphamide 4 days before (3 mg/animal) and 1 day before (2 mg/animal) bacterial inoculation. In preliminary experiments, this treatment was shown to cause severe neutropenia (PMN Ͻ 1,000) in the animals 24 h after the second administration of the immunosuppressant. Inocula for experimental infections consisted of 10 5 CFU of Pseudomonas aeruginosa PAO1 administered intraperitoneally. In pilot experiments, this dose was found to be lethal for more than 90% of the animals at day 2 postinoculation. One hour after bacterial inoculation, a group of animals was intraperitoneally injected with a combination of 500 g of the test peptide (25 mg/kg of body weight) and 500 g of erythromycin resuspended in 200 l of saline. Animal mortality was monitored at daily intervals for 7 days. In parallel experiments, a group of animals received a second dose of the combined treatment by the same route 5 h after the first dose administration. As controls for these experiments, a group of PAO1-inoculated animals was treated either with 500 g of the peptide or with 500 g of the antibiotic alone. Finally, one experimental group inoculated with bacteria was left untreated. The results of animal mortality at all experimental time points were analyzed using the Kaplan-Meier survival analysis. When the survival plots were parallel, data were compared by the log rank test, whereas for those plots that intersected, the Breslow-Gehan-Wilcoxon test was applied. P values were always obtained by comparing data from the same experiment (mortality in treated versus untreated groups). All the mouse experiments were approved by the Ethical Committee for Animal Experimentation of the University of Navarra (permission number 069/09).
Calculation of peptide descriptors. Peptide descriptors were calculated using in-house PEDES (peptide descriptors from sequence) computer software (24) (see the supplemental material). The PEDES algorithm calculates composition and sequence-dependent physicochemical descriptors based entirely on the peptide amino acid sequence. Descriptors are based on the recapitulation of the mechanism of the antimicrobial peptide mode of action. The PEDES output consists of a file in which 32 descriptors are listed for each individual peptide max_dis_W Maximum distance between Trp residues in the sequence max_dis_basic Maximum distance between basic residues in the sequence max_dis_ aromatic
Maximum distance between aromatic residues in the sequence max_dis_ hydrophobic
Maximum distance between hydrophobic residues in the sequence hmom(100deg) Hydrophobic moment () at 100°angle (5/9 rad).
where H n is the hydrophobicity of nth residue and ␦ is the angle between two sequential reinsured measured in radians hmom(160deg) Hydrophobic moment () at 160°angle hmom(180deg) Hydrophobic moment () at 180°angle max_avg_seq_chg(frame ϭ 2)
Maximum avg charge of 2 sequential residues max_avg_seq_chg(frame ϭ 4)
Maximum avg charge of 3 sequential residues max_avg_seq_chg(frame ϭ 3)
Maximum avg charge of 4 sequential residues no_2-aromatic-res-clust
No. of 2 aromatic residue clusters no_2-hydrophobic-res-clust
No. of 2 hydrophobic residue clusters no_2-polar-res-clust
No. of 2 polar residue clusters no_2-basic-res-clust:
No. of 2 basic residue clusters max_basic_clust_chg Maximum charge of basic residue cluster avg_dist_between_chg Avg distance between basic residues avg_dist_hydrophobic_chg Avg distance between hydrophobic residues (cen_pos_chg_res)-(cen_hydrophobic_res)
Distance between the centers of basic and hydrophobic residues (c.o.m._pos_chg_res)-(c.o.m._hydrophobic_res)
Distance between the centers of gravity of basic and hydrophobic residues linear_amphiphatic_moment
where i is the sequential residue no. in the peptide from the N-terminal part and H Eisenberg (i) is the hydrophobicity, according to the Eisenberg scale a Constitutional descriptors depend fundamentally on the amino acid composition of the peptides. b Sequence-dependent descriptors depend more on the geometry and topology of the peptides. VOL. 55, 2011 IMPROVING BACTERIAL CELL PERMEABILIZING PEPTIDES (Table 3 ) and a file which represents the input matrix for QSAR calculation.
Definitions of constitutional and sequence-dependent descriptors are provided in Table 3 . LogP values were calculated using HyperChem 6.0 software. QSAR models. MIC activities against Pseudomonas aeruginosa were measured for a set of 93 peptides, including LF11, lauryl-LF11, 56 peptides from the first generation, and 35 peptides from the second generation. Experimental data were filtered by including only exact values and excluding all nondetermined values (e.g., MIC Ͼ 250 g/ml). This condition reduced the original set of 93 peptides to 30 peptides for MIC activities, 53 for novobiocin MIC ratios, and 51 for FIC values.
For series of peptides with the same mode of action, it can be shown that the biological activity of a peptide, i, can be written as a linear combination of physicochemical descriptors, as follows:
where m is the number of independent physicochemical parameters, P j (i) is the jth parameter of the peptide i, BA i is the measurement of the biological activity that is expressed as the 50% inhibitory concentration (IC 50 ) or MIC, and a j is the coefficient in the multiple linear equation corresponding to the parameter P j (i) (49) . Biological activity was modeled with PLS (partial least-squares projection to latent structures) analysis using CODESSA software (32) . Peptide descriptors were centered and normalized prior to analysis to ensure that they had equal influence in the model.
RESULTS

Characterization of mechanisms of antibiotic resistance.
To study to what extent the mechanisms of antibiotic resistance expressed by Pseudomonas aeruginosa can be neutralized by peptide-mediated permeabilization, we first characterized the most relevant mechanisms of antibiotic resistance in a collection of clinical strains with distinct antibiotic susceptibility profiles. Specifically, we studied the presence of representatives of the major classes of antibiotic resistance mechanisms such as (i) systems involved in the active efflux of antibiotics (i.e., Mex family), (ii) repression of porins mediating antibiotic entry (i.e., OprD for imipenem), (iii) modifications in the intracellular antibiotic target (i.e., quinolone resistance-determining region [QRDR] of gyrase for quinolones), and (iv) production of hydrolytic enzymes (AmpC and carbapenemase production for beta-lactam antibiotics). As controls for these studies, we included nalB and oprD mutant derivatives of the wild-type P. aeruginosa PAO1 strain.
The strains chosen for this study expressed different antibiotic resistance mechanisms (Table 1) , and each pattern was associated with a distinct profile of antibiotic susceptibility (data not shown). This characterization provided us with a means to infer the sensitivity of each particular combination of mechanisms to peptide-mediated permeabilization.
Quantification of the permeabilizing activity of the peptides. Using P. aeruginosa Ps4 as a test strain, we studied the ability of the compounds from a peptide library derived from human lactoferricin (53) to sensitize P. aeruginosa to novobiocin, a hydrophobic antibiotic that cannot reach its intracellular target (gyrase) due to its inability to cross the intact outer membrane. To quantify the existence of synergy, we calculated the ratio of novobiocin MICs in the absence (MIC Ն 512 g/ml) and in the presence of subinhibitory concentrations of the peptides (MIC ratio). To correct for the differences in peptides' MICs, we also calculated the FIC indices for all the peptide-novobiocin combinations ( Table 2 ). The majority of authors consider a combination synergistic when its FIC index is Յ0.5 or when the MIC ratio is at least 4 (13).
Based on those criteria, most of the peptides (36 of 56) acted in synergy with novobiocin, and in all cases, the two parameters used to detect synergy were in agreement. However, the information provided by FIC indices and MIC ratios was not quantitatively comparable ( Table 2 ). Based on these results and other comparative physical data (not shown), a second set of peptides was generated (called second-generation peptides).
QSAR model of the antibiotic-enhancing activity of peptides. We hypothesized that we could predict the permeabilizing activity of the new generation of peptides based on the novobiocin-enhancing activity of the first generation of peptides (henceforth second and first generation, respectively). To correlate physicochemical properties to biological activity, we performed a QSAR analysis using experimentally determined biological data, including antimicrobial activity, affinity for LPS, and structural data based on determined tertiary structures, and combined it with partial least-squares regression (also known as partial least-squares projection to latent structures [PLS]). Since peptides are highly difficult to treat using a conventional QSAR approach due to their complex structure soft-modeling PLS, we devised a new set of 32 structural and constitutional parameters called PEDES. These parameters describe physicochemical properties of the peptides mechanistically related to their antimicrobial and permeabilizing activities (Table 3) , as detailed in Materials and Methods.
Peptide descriptors contain both compositional and sequence-related information, such as the content of basic residues or the number of hydrophobic residue clusters, respectively. Descriptors were arranged in the input x matrix, where each peptide constituted a row and each descriptor constituted a column. Similarly, MIC values (factor 1), novobiocin MIC ratios at peptide concentrations of 50 g/ml (factor 2), and FIC values (factor 3) were used to construct a 93-by-3 matrix.
A principal component analysis of log(1/MIC of peptide) showed that peptides distribute into approximately three clusters according to their number of basic residues (see Fig. S1b in the supplemental material). A first cluster consisting of P1-7, P1-15, P1-11, P1-12, and P1-19 contained peptides with five or more basic residues. Most of the peptides which clustered around the origin contained four basic residues, whereas P2-23, P2-29, P2-30, and P2-31 each possessed three basic residues. In addition, each cluster could be subdivided according to the number of hydrophobic residues. Variation in the descriptors could be related to variation in MIC values in the loading plots (see Fig. S1a in the supplemental material). Most of the variation could be assigned to the first two principle components, which explained 64% of the total variation. Since peptides with lower MIC values have larger log(1/factor 1) values, descriptors which are oriented in the same direction as that of the log(1/factor 1) vector in the factor 1-factor 2 plane will have an increase in antimicrobial activity, and the opposite (mirrored through the origin) will occur to those descriptors that are negatively correlated. The PLS-loading plot in Fig. S1a in the supplemental material shows that the most important descriptors governing antibacterial activity are the number of Trp residues, hydrophobicity, the number of aromatic residues, and the percentage of hydrophobic plus basic residues. Negative correlation was observed for the following descriptors: the number of basic residues, maximum basic cluster charge, number of 2-polar residue clusters, and length. The success of 222 SÁ NCHEZ-GÓ MEZ ET AL. ANTIMICROB. AGENTS CHEMOTHER.
QSAR analysis was confirmed by the agreement found between experimental and calculated MIC values (R 2 ϭ 0.94 for the 5-parameter model), as shown in Fig. 1A . The model was validated using leave-one-out cross-validation (CV), which rendered an R 2 (CV) value of 0.90 (58) .
A similar approach was used to analyze novobiocin MIC ratios at a 50 g/ml peptide concentration and FIC data. For novobiocin MIC ratios at a 50 g/ml peptide concentration, PLS scores showed that peptides clustered according to their numbers of basic residues (see Fig. S1d in the supplemental material), in which we found a clear distinction between peptides of the first and second generations, except for peptides with the same number of cationic residues. The PLS-loading plot in Fig. S1c in the supplemental material revealed a positive correlation between log(1/factor 2) and the following descriptors: the number of Trp, the hydrophobic moment, the maximum distance between aromatic residues, and hydrophobicity. A negative correlation was found between log(1/factor 2) and length, molecular weight (MW), maximum basic cluster charge, maximum average sequential charge, and the number of two basic residue clusters. The model which contained five significant components (factors 1, 3, 4, 5, and 23) explained 85% of the variation and showed good agreement with experimental data (R 2 ϭ 0.838) (Fig. 1B) . The most important parameters that positively correlated with factor 3 were the hydrophobic moment, basic residue density (the number of basic residues/length), and the number of basic residues (see Fig.  S1e in the supplemental material), whereas negative correlation was observed in terms of the number of hydrophobic residues and hydrophobicity, suggesting that charge plays an important role in FIC activity. The PLS regression model is shown in Fig. 1C (R 2 ϭ 0.844) .
To test the validity of our QSAR analysis, we used the PLS models to predict the permeabilizing activity of the second generation of peptides. In parallel, we quantified the novobiocin-enhancing activity of the new peptide generation, as expressed by their MIC ratios and FIC indices. The results from these assays are shown in Table 4 , along with the relative position that each compound occupies in the ranking of permeability-enhancing activity, according to our predictions. Almost all the compounds with significant permeabilizing activity were correctly predicted to rank among the first two groups, whereas those peptides lacking novobiocin-potentiating activity fell into the third and fourth groups, with a few exceptions. More importantly, the predicted MIC ratios were found to correlate with the corresponding experimental values to a large extent (Spearman's ϭ 0.74; P Ͻ 0.001). These experiments led to the selection of two of the most potent permeabilizing compounds, P2-15 and P2-27, for the following assays.
Neutralization of P. aeruginosa resistance mechanisms.
To study to what extent lactoferricin-derived peptides could neutralize antibiotic resistance mechanisms expressed by P. aeruginosa, we combined either P2-15 or P2-27 with representatives of antibiotic classes differing in their mechanism of action. For these experiments, synergy was assessed by the checkerboard assay, using the P. aeruginosa strains whose antibiotic resistance mechanisms had been previously characterized as test organisms ( Table 1 ). As shown in Table 5 , subinhibitory concentrations of P2-15 or P2-27 sensitized wild-type strain PAO1 to several antibiotics, including a macrolide (erythromycin), a quinolone (nalidixic acid), chloramphenicol, and fusidic acid. Peptides also acted in synergy (FIC indices Ͻ 0.5) with betalactamic antibiotics, but sensitization was more modest than that measured for the previous antibiotics (examples shown in Table 5 ). P2-15 and P2-27 were able to counteract efflux pump VOL. 55, 2011 IMPROVING BACTERIAL CELL PERMEABILIZING PEPTIDES 223 overexpression when tested with strain PAOLC1-6, since they formed synergistic combinations with antibiotics that are known substrates of the MexAB-OprM system, with the exception of cefotaxime. In addition, both peptides efficiently sensitized strain TNP004, an isogenic PAO1 mutant lacking the imipenem-specific OprD porin, to imipenem, demonstrating that this mechanism is susceptible to peptide-mediated permeabilization. Similar results were obtained with the P. aeruginosa Ps21 and Ps64 clinical strains that not only lack OprD but also express other mechanisms contributing to imipenem resistance, such as AmpC constitutive derepression in the former strain and global efflux pump overexpression in the latter strain. In contrast, even the most potent peptide P2-15 was barely able to neutralize a mechanism of carbapenem resistance based, at least partially, on carbapenemase expression (see results from strain Ps71 in the presence of imipenem or meropenem). This phenomenon resembles the one mentioned above for AmpC, another antibiotic-hydrolyzing enzyme. Nev-ertheless, the clinical strain opposing the highest resistance to peptide-mediated permeabilization was, not unexpectedly, the one displaying peptide insensitivity, as observed with the colistin-resistant strain Ps74. Peptides had varied success with sensitizing quinolone-resistant clinical strains, such as Ps1 and Ps6, to quinolones, and this appeared to depend on the profile of resistance mechanisms displayed by the organism. Thus, at low peptide concentrations, strain Ps6 was harder to sensitize to nalidixic acid than Ps1. This may be due to the interplay of generalized global efflux pump overexpression and the presence of modifications at the QRDR site in the former strain (Table 1 ). In contrast, none of the peptides could neutralize the mechanisms implicated in resistance to ciprofloxacin.
Our control permeability-increasing agent, PMBN, clearly outperformed our peptides in almost all the cases and strongly sensitized P. aeruginosa strains even to beta-lactamic antibiotics and ciprofloxacin, although it failed to a MIC of the antibiotic determined by a microbroth-based assay in non-cation-adjusted Mueller-Hinton medium. b Fractional inhibitory concentration (FIC) index (see Materials and Methods for details). c Ratio of antibiotic MICs (determined as described in footnote a) in the absence and in the presence of the peptide. d Classification of the peptide according to its predicted FIC index into 4 groups. Group 1, 25% of highest values; group 2, 50 to 75% of highest values; group 3, 50 to 25% of lowest values; group 4, 25% of lowest values. e NG, no growth in a control well treated with the peptide alone, thus indicating inhibitory activity of the peptide by itself at that concentration. f Activity observed versus activity predicted by QSAR analysis of the previous peptide generation.
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counteract imipenem resistance in the carbapenemase-expressing strain Ps71. Peptide cytotoxicity. Before performing in vivo experiments, we measured the cytotoxicity of the peptides on a human culture cell line (HeLa cells) by using two complementary assays, the neutral red and the 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide (MTT) tests. As shown in Table 6 , neither P2-15 nor P2-27 significantly reduced cell viability when tested by the MTT assay at 100 g/ml, a concentration almost double their MICs and at least 10 times higher than their minimum permeabilizing activity levels. In contrast, PMB was notably more cytotoxic under the same conditions and reduced cell viability to 54%. Unlike the MTT test, which measures the cell respiratory rate, the neutral red assay detects alteration of the cell membrane. As judged by the latter assay, P2-15 was less cytotoxic than P2-27 and PMB.
Peptide-mediated antibiotic-enhancing activity in vivo. Based on its low toxicity and high permeabilizing activity in vitro, we selected compound P2-15 to evaluate whether this peptide could potentiate antibiotic activity in vivo. As an infection model, we used mice that had been rendered neutropenic by treatment with cyclophosphamide. We chose this model to try to reproduce the clinical scenario, where immu- a Cells were exposed to 100 g/ml of the indicated compound for 60 min. Results are expressed as the percentages of cell viability Ϯ standard deviations, with respect to an untreated control (100%).
b Treatment with dimethyl sulfoxide (DMSO; 100 g/ml) was used as a positive control of toxicity. VOL. 55, 2011 IMPROVING BACTERIAL CELL PERMEABILIZING PEPTIDES 225 nocompromised patients are precisely the most common P. aeruginosa hosts. We combined P2-15 with erythromycin, an antibiotic with very low activity against P. aeruginosa (MIC ϭ 128 g/ml) but which was efficiently potentiated in vitro (MIC ϭ 1 g/ml) in the presence of subinhibitory amounts (25 g/ml) of P2-15. As shown in Fig. 2A , administration of either the peptide (0.5 mg/animal intraperitoneally [i.p.]) or the antibiotic (0.5 mg/animal i.p.) at 45 to 60 min postinoculation conferred no protection to the P. aeruginosa PAO1-infected mice. In addition, animals receiving a second dose of the same compound 5 h after the first dose were equally unprotected. In contrast, when P2-15 and erythromycin were given to the animals (0.5 mg of each per animal i.p.) as a combined treatment (Fig. 2B) , 50% of the animals were significantly (P ϭ 0.024) protected, although such protection was short lasting (24 h). Interestingly, administration of a second dose of the combined treatment 5 h after the first dose afforded long-lasting (7 days, at least) protection to 33% of the mice (P ϭ 0.027).
DISCUSSION
This study identified peptides that efficiently permeabilize the P. aeruginosa OM and sensitize this organism not only to hydrophobic antibiotics (i.e., erythromycin and fusidic acid) but also to much more hydrophilic drugs, such as the betalactams amoxicillin, ampicillin, imipenem, and meropenem. Whereas the capacity of cationic peptides of diverse natures to enhance the activity of hydrophobic antibiotics has been repeatedly shown (23, 44, 61, 62) , references of peptides endowed with the latter ability are more scarce (18, 59) . In fact, polycations acting in synergy with hydrophobic antibiotics often fail to enhance beta-lactams on P. aeruginosa (17, 47, 56) .
Our results obtained from using the wild-type strain indicate that mechanisms of antibiotic resistance relying on the basal activity of the efflux system in conjunction with the OM intrinsic permeability barrier are susceptible to peptide permeabilization. Thus, when peptides were combined with either nalidixic acid or chloramphenicol, two known substrates of the MexAB-OprM efflux system, MICs dropped down to levels as low as those obtained for these antibiotics with an isogenic mutant of PAO1 lacking the MexAB-OprM system (strain K1119) (data not shown). In addition, peptides enhanced to even a further extent the activity of erythromycin, novobiocin, and fusidic acid, which are also substrates of the MexAB-OprM system, resulting in MIC values 8 times lower than those obtained for the same antibiotics with strain K1119. This observation implies that peptides counteract not only efflux pump activity but also the resistance mechanism based on intrinsic low OM permeability. Nevertheless, peptides potentiated the betalactams amoxicillin and ampicillin to a lesser extent than the other antibiotics tested, suggesting that the mechanisms providing P. aeruginosa PAO1 with intrinsic antibiotic resistance (involved in resistance to the latter classes of antibiotics) are more vulnerable to permeabilization than those relying on the beta-lactamase activity of AmpC (Table 1 , profile of strain PAO1).
Using strain PAOLC1-6, we also showed that mechanisms of resistance based on overexpression of the MexAB-OprM efflux system are vulnerable to peptides, at least partially. Thus, peptides potentiated the antibiotics tested-all of them substrates of the MexAB-OprM system, except the most hydrophilic ones, the beta-lactams cefotaxime and ticarcillin. It has been hypothesized that the ability of lactoferricin to counteract efflux pump activity is due not only to its membrane-disorganizing nature but also to dissipation of the proton-motive force, resulting in decreased activity of ATP-dependent multidrug efflux pumps (63) . The latter activity has also been reported in peptides unrelated to lactoferricin (51) . Interestingly, unlike P2-15 and P2-27, the first-generation peptide P1-22 was unable to sensitize strain PAOLC1-6 to antibiotics (53) .
In contrast to the susceptibility to the previous mechanisms, strains carrying mutations in the binding sites of quinolones were not vulnerable to permeabilization. In these strains, it is likely that the antibiotic does not reach an intracellular concentration high enough to compensate for the loss of affinity of its target molecule, gyrase, and topoisomerase, as previously suggested (7) .
While considerable effort to study how to rationally improve the antibacterial activity and selectivity of AMPs has been made (2, 8, 14, 15, 16, 26, 28, 29, 30, 31, 45, 48, 50) , to our knowledge, this is the first report investigating the structural basis 
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of peptide-mediated OM permeabilization as a function of the peptide's ability to enhance antibiotic activity. In this regard, our results confirm (53, 56, 64) that antibacterial activity and antibiotic-enhancing ability are not necessarily associated, since peptides with poor antimicrobial activity levels showed significant novobiocin-enhancing potential (e.g., compounds P1-14 and P1-48). This behavior resembles that of compounds such as PMBN (59) and CEMA (cecropin A-melittin hybrid peptide) (46) . Conversely, some peptides with high antimicrobial activity levels were barely able to act in synergy with novobiocin (e.g., P1-22, P2-29 and P2-30), a result in agreement with that of previous authors (36, 55) , who reported that the lethal (bactericidal) activity of a compound may be so great that it is not possible to observe nonlethal (permeabilization) activity. A similar explanation of this phenomenon was given by Zhang and collaborators, who proposed that the highly bactericidal peptides cannot exhibit synergy because they cause cell death at the same concentration at which they permeabilize the OM (64) . Finally, we showed that it is possible to design potent permeabilizers that rank among the best antibacterial agents, as exemplified by our lead compounds P2-15 and P2-27.
The correlation found between the predicted parameters and the corresponding experimental values confirm the utility of the QSAR-PLS analysis. In this regard, our results confirm that to maximize antimicrobial activity against Gram-negative bacteria, it is favorable to have larger amounts of hydrophobic residues, which cause distortions in the membrane (12, 21, 22) . On the other hand, activity is decreased by an excessive concentration of basic residues in the molecule and by large peptide size, with the latter factor probably reflecting the steric hindrance that high-molecular weight peptides will encounter when crossing the hydrophilic carbohydrate chains of LPS (1).
Regarding permeabilizing activity, positive and negative correlations observed between FIC/MIC ratios and several parameters indicate that a high localization of charge (two or more sequential basic residues in the sequence) reduces synergistic activity. According to this model, the peptides should have larger amounts of aromatic residues, amphiphilic structure, and lower localization of positively charged residues to achieve optimal activity. Recent studies support the importance of some of these parameters, such as aromatic residues, in permeabilizing activity (10). These conclusions are consistent with the notion that the dual nature (cationic and hydrophobic) of a peptide is the driving force for its initial interaction with the OM (1).
Several QSAR studies correlating the antimicrobial activities of AMPs to their structural properties were recently published (8, 14, 15, 16, 26, 28, 29, 31, 45) . The strategies used in those reports to build mathematical models include artificial neural networks, PLS-based methods, k-nearest neighbor analysis, and multiple linear regression. In these studies, structural properties of the peptides are presented as physicochemical descriptors. Ideally, these descriptors are calculated from three-dimensional models, but since a very limited number of structures is available (e.g., from nuclear magnetic resonance studies), in most cases, homology modeling is used to infer the required structures. The main disadvantage of this approach is that small changes in peptide sequence can drastically affect structure (20, 27, 28) . Moreover, peptide conformation can be strongly influenced by binding to different structures of the bacterial membrane (lipopolysaccharide and phospholipids) unless stabilized by covalent bonds (4, 25) . The main advantage of the PEDES (peptide descriptors from sequence) methodology is-as the name suggests-that it avoids structure-related descriptors by using a set of constitutional and sequence-dependent descriptors based on amino acid sequence. These descriptors were deduced from previous QSAR studies of lactoferricin-derived AMPs (21, 22, 57) . As illustrated in this study, PEDES methodology offers a rapid and robust alternative for the calculation of descriptors which can then be analyzed using the PLS method to successfully predict activities of related AMPs.
Finally, although the ability of our leading peptide to enhance erythromycin activity in vivo and to protect animals from a lethal infection is far from optimal, it demonstrates the therapeutic potential of our compounds. Further studies are in progress to improve the efficiency of the experimental treatment and to rationally design new generations of peptides with enhanced permeabilizing activity by applying the conclusions of our QSAR analysis.
